Purpose: To determine if tumor regression following treatment with gefitinib correlates with the presence of sensitizing mutations in epidermal growth factor receptor (EGFR).
Introduction
Initial clinical trials testing the epidermal growth factor receptor (EGFR) tyrosine kinase inhibitors (TKI) gefitinib and erlotinib demonstrated dramatic but sporadic responses in patients with non-small cell lung cancer (NSCLC; refs. 1, 2) . Although these agents were developed to inhibit wild-type EGFR, the true mechanism of this impressive activity in patients was not initially known. Retrospective reviews showed that the majority of respon-ders were patients who were never smokers or whose tumors were adenocarcinomas with bronchioloalveolar features (3) . In 2004, molecular analyses of the tumors from these responders demonstrated somatic mutations in the tyrosine kinase domain of EGFR (4) (5) (6) . This discovery led us to embark upon this prospective trial to correlate radiographic response to gefitinib with the presence of a sensitizing mutation in EGFR.
When this study was conceived, the EGFR TKIs were only being tested in advanced disease, a situation in which often only limited diagnostic material was available. As a result, due to the complexity of testing for EGFR mutations at that time, the initial exploratory analyses of EGFR mutation status were performed only in subgroup analyses conducted in a minority of individuals in each trial (7, 8) . While many of these initial limitations have been rectified in more recent studies, we employed this research strategy to provide an in vivo assessment of gefitinib sensitivity prior to a definitive surgery to ensure sufficient tissue for EGFR mutation analysis in all patients.
We tested the hypothesis that mutations in the protein tyrosine kinase domain of the EGF receptor gene (exon regions 18-24 of the EGFR gene) correlate with response to gefitinib. By evaluating patients with stage I and II NSCLC with clinical features that predict for gefitinib response [never or minimal smokers and/or features of bronchioloalveolar carcinoma (BAC)] we hoped to enrich for response to gefitinib and the likelihood of finding EGFR sensitizing mutations. We were also able to obtain adequate tissue posttreatment at surgery. Using CT scans to measure primary lung lesions we precisely identified the responders and nonresponders preoperatively. In addition, we also explored the feasibility of using preoperative response to gefitinib as a means to select patients for gefitinib treatment postoperatively. We postulated that adjuvant therapy selection based on in vivo sensitivity testing or mutation status may be better than the current standard of empiric assignments of postoperative therapies, although this study was not powered to detect a survival benefit from adjuvant gefitinib.
Materials and Methods

Eligibility
Eligible patients had pathologically confirmed clinical stage I or II NSCLC (T1-2N0-1M0 or T3N0M0) and were determined to be both operable and resectable by the treating thoracic surgeon. Patients must have been a never smoker (<100 cigarettes lifetime) or have a history of smoking 15 pack-years or less and/or have tumor specimens containing adenocarcinoma with bronchioloalveolar features at the time of diagnostic biopsy (9, 10) . Initially, the study required that all patients undergo a core needle biopsy for mutation testing pretreatment. This requirement was removed after the first 18 patients as we observed 100% concordance of results of mutation testing in pretreatment core biopsies and resection specimens. This finding has been previously reported (11) .
Treatment plan
The protocol and informed consent documents were approved by the Institutional Review Board at Memorial Sloan-Kettering Cancer Center (MSKCC). Patients received 250 mg gefitinib orally daily for at least 21 days before surgery and stopped gefitinib 2 days before their operation. Patients underwent a helical CT scan of the chest pregefitinib and after 21 days of gefitinib. Standard response endpoints are evaluated at least 6 to 8 weeks after therapy is initiated; given the short time interval between initiation of gefitinib and response assessment, we chose a minor response by WHO criteria as our response endpoint (12) .
At surgery, the tumor was snap-frozen in liquid nitrogen. For patients that demonstrated a radiographic response to gefitinib preoperatively and/or patients with mutations in the protein tyrosine kinase domain of EGFR, gefitinib was recommended for 2 additional years.
Patients receiving gefitinib postoperatively resumed treatment at least 7 days after surgery. Patients were allowed to receive adjuvant chemotherapy and/or radiation therapy if appropriate for their pathologic disease stage. In these individuals, postoperative gefitinib was started after chemotherapy and/or radiation therapy was completed.
Molecular profiling
All tissues obtained during the study were stored at À80 C. Representative areas of these specimens were embedded in O.C.T. (optimum cutting temperature), 5 mm frozen sections were prepared, cut and placed on Superfrost/Plus slides (Fisher Scientific, Pittsburgh, PA), stained with hematoxylin and eosin, and reviewed by a pathologist to confirm the diagnosis and the presence of tumor in the specimen. Genomic DNA was analyzed for known EGFR mutations (exons 19 deletions and L858R) and Kirsten rat sarcoma viral oncogene homolog (KRAS) mutations. Tissues were also analyzed for EGFR protein expression by IHC (immunohistochemistry) and EGFR gene copy number by CISH (chromogenic in situ hybridization). If no mutations were found in KRAS, EGFR exons 18-24 were sequenced by dideoxynucleotide sequencing. Patients without an identified mutation were further characterized by mass spectrometry based genotyping (Sequenom platform) for the presence of mutations in KRAS, EGFR, HER2, BRAF, PIK3CA, AKT, NRAS, and MEK. The methods for the above tests were as previously described (4, (13) (14) (15) .
Statistical plan
The primary objective was to correlate the radiographic response to gefitinib (!25% decrease in bidimensional measurements at 21 days) with the presence of mutations in the protein tyrosine kinase domain of EGFR. Each patient provided 2 binary variables: presence/absence of mutation and responder/nonresponder. The association between the 2 was tested using the Fisher's exact test for the resulting 2 Â 2 table. In this enriched study population the expected response rate was 25%. We proposed to accrue
Translational Relevance
This report summarizes the results of an innovative treatment strategy using radiographic response to neoadjuvant therapy in resectable, early stage, nonsmall cell lung cancer as a means to select for chemosensitivity. In this study, a clinically enriched patient population was treated with gefitinib, an EGFR-targeted therapy, and response correlated to known sensitizing mutations in EGFR. While we now have techniques to test for EGFR mutations with minimal tumor tissue, this approach of neoadjuvant treatment to assess for in vivo drug sensitivity may be more broadly applied for use with both targeted and standard cytotoxic chemotherapy, for which the determination of sensitivity is less well-defined. With this approach, the ultimate surgical specimen provides sufficient tissue to perform rationally planned molecular analyses to correlate with drug sensitivity or resistance. 50 patients to the protocol. This sample size enabled us to detect a difference of 55% in the mutation rates among the responders and nonresponders with at least 89% power. If 75% of the responders have a mutation and 20% of the nonresponders do, this study would have 89% power.
Results
Patient characteristics
Between July 2004 and March 2008, 54 patients were screened and 50 patients were treated, as displayed in Figure 1 . Pretreatment tumor specimens were procured from the initial 18 patients by core needle biopsy as well as posttreatment at the time of surgical resection. The subsequent 32 patients had tumor procured only at the time of surgery.
Patient characteristics are listed in Table 1 . There were 39 women and 11 men. Forty-nine of 50 patients were either clinical stage IA (28) or stage IB (21); there was 1 patient who was clinical stage IIB. The majority of patients were either never smokers (18 of 50) or 15 pack-year smokers or less (23 of 50). There were 9 of 50 patients eligible based on the diagnosis of adenocarcinoma with bronchioloalveolar features alone.
Surgical Results
All 50 patients underwent surgery without complications attributable to preoperative gefitinib. Postoperative complications included pneumonitis (2), atrial fibrillation (2), supraventricular arrhythmia (1), air leak (3), and intraoperative injury to right main pulmonary artery (1). There were no surgery related deaths. Forty-one of 50 patients underwent a lobectomy. Of the 50 patients that underwent surgery, 3 were deemed unresectable (1 with unresectable stage III disease and 2 with stage IV disease). Three patients underwent wedge resection, 2 patients underwent bilobectomy, and 1 patient underwent pneumonectomy. The majority of patients stage did not change (34 of 50); 9 of 50 patients were upstaged at surgery and 7 of 50 patients were downstaged.
Response rate and molecular results
After 21 days of preoperative gefitinib, a bidimensional response of 25% or more was observed in 21 of 50 (42%) patients. The mutations identified and the percent change in tumor size is shown in Table 2 and the waterfall response plot for all patients is shown in Fig. 2 . Seventeen of 21 patients with a response had an EGFR mutation and 4 of 21 patients with a response did not (P ¼ 0.0001; Table 2 ). Three of the 4 with an EGFR mutation who did not meet the criteria for response had lesion size changes of À12%, À22%, and 24%, respectively. One patient with an EGFR mutation had progression of disease based on size criteria, though the tumor did demonstrate a decrease in central density or near disappearance of the tumor despite a measurable remnant that was larger, a phenomenon previously described in treatment of lung cancer sensitive to an EGFR TKI (16) .
There were 10 exon 19 deletions and 10 exon 21 mutations (9 L858R and 1 L861Q mutation), one of these exon 21 mutations was not detected during initial testing but found on subsequent molecular analysis. In addition there Research.
on April 29, 2017. © 2011 American Association for Cancer clincancerres.aacrjournals.org Downloaded from was one exon 18 3 base pair deletion. Five tumors were found to have a KRAS mutation (3 with G12C and 2 with G12D), none of these harbored mutations in EGFR exons 18 to 24. None of the tumors with KRAS mutations met the criteria for response. A tumor that regressed by 74% was found to have mutations in PIK3CA (E542K) and BRAF (V600E). We found no correlation between EGFR protein expression or amplification with response. All 5 tumors demonstrating EGFR gene amplification harbored EGFR sensitizing mutations. Molecular data and responses are shown in Table 3 .
Follow-up and survival
The median follow-up was 44.1 months, range 6.9 to 74.8 months. To date, the median progression free survival is not determined in either treatment arm, or by presence or absence of an EGFR mutation. There are no statistically significant differences between treatment arms. Based on Kaplan-Meier survival proportions, the 2-year disease free survival was 95% (95% CI: 70%-99%) in the arm that received adjuvant gefitinib versus 78% (95% CI: 58%-89%), in the patients who did not. The 2-year disease free survival for patients with an EGFR mutation was 90% (95% CI: 55%-87%) versus 75% (95% CI: 66%-97%) in patients without a mutation. To date, there have only been 2 deaths in the patients with an EGFR mutation and 6 deaths in the patients without a mutation.
Postoperative therapy and gefitinib toxicity
Six of the 50 patients received adjuvant chemotherapy and 1 patient (unresectable) received concurrent chemotherapy and radiation. Disease has progressed in 11 patients and 8 patients have died. Based on the response and mutation data, 25 of 50 patients were eligible to receive adjuvant gefitinib, as displayed in Figure 1 . Three patients declined and 1 was determined to have an EGFR mutation on mass spectrometry testing but was not known to be mutant in the postoperative period, therefore 21 were treated. Seven patients later withdrew from study due to minor skin or GI toxicity; 1 withdrew due to cough (n ¼ 1); and one patient due to transaminase elevation (n ¼ 1). Two patients were removed from study due to progressive disease occurring on adjuvant gefitinib. Ten patients have completed the full 2 years of adjuvant gefitinib. Preoperative and postoperative toxicities are shown in Table 4 .
During preoperative treatment, toxicities that were at least possibly related to gefitinib included grade 1 rash (24/50) and grade 2 rash (2/50); grade 1 diarrhea (15/50), grade 3 diarrhea (1/50); grade 1 fatigue (13/50); grade 1 nausea (3/50); and grade 1 mucositis (1/50; Table 4 ). Only 1 patient did not complete the prescribed preoperative gefitinib course and discontinued treatment due to grade 2 rash.
During adjuvant gefitinib, toxicities included grade 1 rash (17 of 21); grade 1 diarrhea (7 of 21), grade 2 diarrhea (2 of 21); grade 1 fatigue (6 of 21) and grade 2 fatigue (1 of 21); and grade 1 mucositis (3 of 21) and grade 2 mucositis (1 of 21). One patient had grade 2 transaminase elevation and 1 patient had grade 1 nausea ( Table 4 ). Four of the 20 patients were dose reduced to every other day gefitinib due to toxicity: 1 patient with grade 2 mucositis, grade 1 rash, nausea, and fatigue who subsequently withdrew consent to continue; 1 patient with grade 1 rash; 1 patient with grade 1 rash, fatigue, and nausea; 1 patient with grade 1 fatigue rash and diarrhea and 1 patient with grade 1 rash and grade 1 mucositis. One patient with grade 3 diarrhea preoperatively was dosed every other day postoperatively and subsequently withdrew consent due to grade 2 transaminase elevation.
Discussion
Within days of the first publications describing the presence of EGFR mutations in patients with tumors sensitive to gefitinib, we designed this phase II trial to prospectively correlate radiographic response rate to gefitinib with the presence of sensitizing EGFR mutations. While technology has since improved and we are now able to test for EGFR mutations with minimal tumor tissue and with increasingly sensitive assays (17) , this trial demonstrates feasibility of the concept of enrolling early stage NSCLC patients in a preoperative treatment program that can simultaneously help select treatment for each individual and provide important information about a drug under investigation.
There are 2 published manuscripts on the use of preoperative gefitinib in a clinical trial setting. Haura and colleagues published a series in unselected patients evaluating tumor concentration of gefitinib and effect on signaling pathways downstream of EGFR (18) . Lara-Guerra and colleagues recently published a trial evaluating preoperative gefitinib in an unselected patient population clinical stage I NSCLC in which only 6 patients (17%) had EGFR mutations. Of these 6, all had evidence of tumor response to gefitinib but only 3 met criteria for a response evaluation criteria in solid tumors (RECIST) partial response after 28 days of therapy (19) . Our trial is unique in both its selection of patients with clinical characteristics that correlate with the presence of an EGFR mutation and its use of a modified bidimensional response criteria given the short treatment interval.
The first 18 patients enrolled underwent pretreatment tissue sampling for mutation testing by core needle biopsy. Sixteen (89%) had sufficient material for EGFR and KRAS mutations testing. As previously reported, in testing both pre-and posttreatment specimen the concordance was 100% (11) . Given these findings, we amended the protocol to perform mutation testing only in the resected specimen. The 100% correlation of EGFR mutation status observed between samples obtained preoperatively by core biopsy with the surgical sample supports the use of core biopsy as a diagnostic tool for EGFR mutation testing in patients with more advanced stage NSCLC where additional surgical material is not likely to be available.
We chose to study patients with stage I and II NSCLC who were planned to undergo surgical resection, ensuring sufficient tissue for molecular testing. We enriched for likelihood of harboring an EGFR mutation based primarily on smoking history as 41 of 50 patients enrolled had a 15 pack-year or less smoking history. The other 9 patients were eligible based on having a component of bronchioloalveolar histology (9, 10) . Based on published data we expected 16 mutations in these 41 patients (20) . Using our enrichment strategy, 21 of 50 patients had an EGFR mutation. This supports the need for definitive molecular documentation of a genetic abnormality prior to prescribing a targeted therapy. Despite the use of an enrichment strategy with multiple clinical factors predictive of EGFR mutation to design this trial, our mutation rate was well under 50%, a frequency that would not accurately reflect the activity of a targeted therapy in a therapeutic trial.
We chose prospectively to define response as at least a 25% reduction in bidimensional measurement as response assessment was made after 21 days rather than traditional time point for tumor measurement (2 cycles or 6 to 8 weeks) by RECIST (12, 21) . This short "window of opportunity" was based on earlier observations of rapid tumor shrinkages with gefitinib and our desire to proceed to resection as quickly as possible in these patients who were all candidates for curative surgery. The primary statistical endpoint of this study was the difference in the incidence of EGFR mutations in patients with and without response following gefitinib. This study was also used as a platform to evaluate volumetric tumor measurements as has been previously reported in this journal (22) .
Using our modified bidimensional response criteria, 81% of patients with an EGFR mutation had a response, whereas only 14% of patients without mutations had a response (P ¼ 0.0001). Furthermore, only 14% of patients with an EGFR mutation met criteria for a unidimensional partial response per RECIST 1.0 criteria (21), confirming our suspicion that with a single lesion to assess response, standard response criteria would fail to capture responders. One of these individuals with a response but no EGFR mutation harbors mutations in both PI3K and BRAF, neither of which has been previously associated with gefitinib sensitivity and for which we have no clear explanation. Of the 4 patients with an EGFR mutation and without a response to preoperative gefitinib, only 1 with strict criteria for disease progression had dramatic treatment response in the central part of the primary tumor. The patient did not have evidence of a T790M mutation.
This study assigned adjuvant gefitinib therapy only to the patients who would theoretically benefit from it, namely, those who had radiologic evidence of sensitivity to gefitinib or a known sensitizing mutation, but it was underpowered to detect a survival benefit. As many patients with advanced disease tolerate gefitinib or erlotinib with or without chemotherapy for years, it was surprising that less than 50% of patients were able to complete the planned 2-year period of adjuvant therapy. This does bring into question the duration of planned therapy for future adjuvant studies. Preliminary data from the first reported study of adjuvant gefitinib has failed to show a benefit, though the final results are pending (23) .
This induction therapy setting in persons with resectable NSCLC provides a unique opportunity for investigation and to help make treatment decisions for individual patients in both the induction and adjuvant settings. Given the 5-year survival which is only 61% in patients with clinical stage 1A and 38% with clinical stage 1B NSCLC, this approach to identify individuals with objective benefit to neoadjuvant therapy merits consideration for further investigation as a treatment approach for early stage NSCLC patients. 
